Lycium chinense has been used as a traditional medicine for centuries in Asia because of its positive effects on health. However, its functional components have not been elucidated. This study determines the levels of health-promoting lipophilic compounds, including carotenoids, tocopherols, and phytosterol, and those of 42 hydrophilic metabolites, including sugars, organic acids, alcohols, amines, and amino acids, in L. chinense fruit from 11 cultivars. The metabolite profiles were subjected to a principal component analysis (PCA), Pearson correlation analysis, and hierarchical clustering analysis (HCA). PCA showed the Cheongdang (LM-3) cultivar to be distinct from the others. The correlation results for a total of 55 compounds revealed strong correlations between the metabolites that participated on closely related pathways. The Cheongdang cultivar appears to be most suited for functional food production because of its high carotenoid, tocopherol, and phytosterol levels. These results indicate the usefulness of metabolite profiling as a tool for assessing the quality of food.
The Lycium species have been used as food and as medicinal plants for centuries in East Asian countries. They have become increasingly popular in Europe and North America since the beginning of the century, because of their health-enhancing effects. The distribution of Lycium constituents in different organs has been examined and several physiological functions have been studied, especially in fruit (Fructus lycii) and root bark (Cortex Lycii Radicis) preparations, which are popular ingredients of traditional Asian medicine. 1) L. chinense and L. barbarum are two closely related species, both used as food and medicinal plants. Their fruits have similar anatomical features and tissue structures. Investigations into the fruits have been performed, mostly with L. barbarum, which have revealed polysaccharides, carotenoids, and flavonoids to be the typical metabolites. These components have been reported to be closely associated with the healthpromotion effects. The antioxidative, immunomodulatory, and neuroprotective properties of L. barbarum fruit have recently been evaluated. [2] [3] [4] An analysis of the components of L. chinense fruit have been reported in several studies, zeaxanthin, sugar, and flavonoids have been identified, and physiological investigations have focused on their hepatoprotective effects. [5] [6] [7] In view of the increasing worldwide interest, and their known pharmacological effects, it is important to identify and quantify the functional components of L. chinense fruit. The provitamin A level is high in Lycium species due to the high content of carotenoids. 8) The carotenoids are metabolites involved in the isoprenoid metabolic pathway. The biosynthetic pathway of isoprenoids involves many interconnecting branch points involving different classes of isoprenoid compounds such as tocopherols and phytosterols. Tocopherols have been shown to have positive effects on patients with HIV and those with Parkinson syndrome. 9, 10) Phytosterols have been found to reduce the low-density lipoprotein cholesterol level, and increase the highdensity lipoprotein cholesterol level in the blood. 11) However, the content and composition of tocopherols and phytosterols in Korean L. chinense have not previously been evaluated.
Metabolomics facilitates the classification of samples of diverse biological status, origin, and quality. Metabolomics uses such chemometric as a principal component analysis (PCA), hierarchical clustering analysis (HCA), and partial least-squares-discriminant analysis. The primary application of metabolomics in plants includes screening mutant collections, 12) quality control and quality assessment of food and crop products, 13, 14) and the development of traditional medicines. 15, 16) Therefore, metabolite profiling combined with chemometrics has been employed to direct breeding strategies for improving and optimizing the balance of food components.
This study evaluates such lipophilic components as carotenoids, tocopherols, and phytosterols in L. chinense fruit. These compounds were analyzed in L. chinense fruit from various cultivars to determine the variation among cultivars. We also analyzed the hydrophilic metabolites to evaluate the phenotypic variation and the relationship between lipophilic metabolites and core y To whom correspondence should be addressed. Sang Un PARK, Tel: +82-42-821-5730; Fax: +82-42-822-2631; E-mail: supark@cnu.ac.kr; Jae Kwang KIM, Tel: +82-31-299-1154; Fax: +82-31-299-1122; E-mail: kjkpj@korea.kr primary metabolites by using gas chromatography-timeof-flight mass spectrometry (GC-TOFMS). This technique has been shown to be useful for the rapid and highly sensitive detection of plant metabolites from the central pathways of primary metabolism. The considerable amount of data generated by these approaches has provided important information concerning compositional metabolite changes in plants. 17, 18) The variation among cultivars and their metabolite profiles were analyzed by PCA, HCA and Pearson correlation analyses.
Materials and Methods
Samples and chemicals. This study included 11 cultivars of L. chinense Miller (Bulro, LM-1; Cheongdae, LM-2; Cheongdang, LM-3; Cheongmyeong, LM-4; Cheongun, LM-5; Cheongyangjaerae, LM-6; Cheongyang14ho, LM-7; Cheongyang15ho, LM-8; Hokwang, LM-9; Jangyeong, LM-10; Myeongan, LM-11). All the cultivars of three years old were maintained in a greenhouse at the Cheongyang Boxthorn Experiment Station (Chungcheongnam-do Agricultural Research and Extension Services, Republic of Korea). The plants were grown under the same conditions providing 25 C in the greenhouse. All cultivars were harvested on September 30
th , 2011. The samples were freeze-dried and disrupted in liquid nitrogen. The powdered fruit samples were stored at À80 C before their analysis. Pyridine and N-methyl-N-trimethylsilyltrifluoroactamide (MSTFA) were respectively purchased from Thermo Fisher Scientific (Waltham, MA, USA) and Sigma-Aldrich (St. Louis, MO, USA). Methoxylamine hydrochloride was purchased from Pierce Biotechnology (Rockford, IL, USA). All other chemicals used in this study were of reagent grade unless otherwise stated.
Carotenoid extraction and high-performance liquid chromatographic analysis. The carotenoids were extracted and measured by using high-performance liquid chromatography (HPLC) as described previously by our group. 19) Briefly, the carotenoids were extracted from the L. chinense fruit samples (0.02 g) by adding 3 mL of ethanol containing 0.1% ascorbic acid (w/v), vortex mixing for 20 s and placing in a water bath at 85 C for 5 min. The carotenoid extract was saponified with potassium hydroxide (120 mL, 80% w/v) in a water bath at 85 C for 10 min. After saponification, the samples were immediately placed on ice, and cold deionized water (1.5 mL) was added. -Apo-8 0 -carotenal (0.2 mL, 25 mg/mL) was added as an internal standard (IS). The carotenoids were extracted twice with hexane (1.5 mL) by centrifugating at 1;200 Â g to separate the layers. Aliquots of the extracts were dried under a stream of nitrogen and redissolved in 50:50 (v/v) dichloromethane/methanol before their analysis by HPLC. The carotenoids were separated in a C30 YMC column (250 Â 4:6 mm, 3 mm; YMC Co., Kyoto, Japan) by an Agilent 1100 HPLC instrument (Massy, France) equipped with a photodiode array detector. Chromatograms were generated at 450 nm. Solvent A consisted of methanol/water (92:8 v/v) with 10 mM ammonium acetate, and solvent B consisted of 100% methyl tert-butyl ether. Gradient elution was performed at 1 mL/min under the following conditions: 0 min, 90% A/10% B; 20 min, 83% A/17% B; 29 min, 75% A/25% B; 35 min, 30% A/70% B; 40 min, 30% A/70% B; 42 min, 25% A/75% B; 45 min, 90% A/10% B; and 55 min, 90% A/ 10% B. Carotenoid standards were purchased from CaroteNature (Lupsingen, Switzerland). Calibration curves were drawn for quantification by plotting four different concentrations of the carotenoid standards, according to the peak area ratios with -apo-8 0 -carotenal.
Extraction and analysis of tocopherol and phytosterol. Tocopherol and phytosterol were extracted, separated, and measured by using GC-TOFMS as previously described. 20) Phytosterol and tocopherol were extracted from the powdered L. chinense fruits samples (0.05 g) by adding 3 mL of ethanol containing 0.1% ascorbic acid (w/v) and 0.05 mL of 5-cholestane (10 mg/mL) as an IS, mixed by vortexing for 20 s, and placed in a water bath at 85 C for 5 min. After removing from the water bath, 120 mL of potassium hydroxide (80% w/v) was added, and the samples were vortexed for 20 s and returned to the water bath for 10 min. After saponification, each sample was immediately placed on ice, and deionized water (1.5 mL) was added. Hexane (1.5 mL) was then added, and the sample was vortexed for 20 s and then centrifuged (1;200 Â g, 5 min). The upper layer was pipetted into a separate tube, and the pellet was re-extracted using hexane. The hexane fraction was dried in a CVE-2000 centrifugal concentrator (Eyela, Tokyo, Japan). Conversion was achieved by adding 30 mL of MSTFA with 30 mL of pyridine, and then incubating at 60 C for 30 min at a mixing frequency of 1,200 rpm with a 5355 compact thermomixer (Eppendorf, Hamburg, Germany). GC-TOFMS was performed with a 7890A gas chromatograph (Agilent, Atlanta, GA, USA) coupled to a Pegasus HT TOF mass spectrometer (Leco, St. Joseph, MI, USA). The converted sample (1 mL) was separated in a 30 m Â 0:25 mm I.D. fused-silica capillary column coated with 0.25-mm low-bleed CP-SIL 8 CB (Varian, Palo Alto, CA, USA). The injector temperature was 290 C, the split ratio was set at 1:10, and the helium gas flow rate through the column was 1.0 mL/min. The oven temperature program was set at 200 C, then increased at 10 C/min to 310 C and finally maintained for 10 min at 310 C. The respective transfer line and the ion-source temperatures were 280 C and 230 C. The scanned mass range was 50-600 m=z, and the detector voltage was set at 1,700 V. Seven calibration samples in hexane were prepared for quantification purposes by mixing increasing amounts (equivalent to 0.03, 0.05, 0.10, 0.25, 0.50, 1.00, and 5.00 mg) of tocopherol and phytosterol standards and a fixed amount (0.50 mg each) of IS. Each sample was subjected to saponification as already described, this being followed by re-extraction and trimethylsilyl (TMS) etherification. The quantitative calculation was based on the corrected peak area ratios relative to the peak area of IS.
GC-TOFMS analysis of the polar metabolites. The polar metabolites were extracted in accordance with a previously described procedure. 21) A ground sample (30 mg) was extracted with 1 mL of a mixed solvent of methanol/water/chloroform (2.5:1:1 by volume). Sixty microliters of a ribitol solution (0.2 mg/mL) was added as an IS, and a 5535 compact thermomixer (Eppendorf, Hamburg, Germany) was used for extraction at 37 C with a mixing frequency of 1,200 rpm. The solution was then centrifuged at 16;000 Â g for 3 min. The polar phase (0.8 mL) was transferred into a new tube, and 0.4 mL of water was added. The well-mixed content of the tube was centrifuged at 16;000 Â g for 3 min. The methanol/water phase was dried for 2 h in a CVE-2000 centrifugal concentrator (Eyela, Japan) before being freezedryed for 16 h. Methoxime (MO) conversion was carried out by adding 160 mL of methoxyamine hydrochloride (20 mg/mL) to pyridine and shaking the mixture at 30 C for 90 min, before TMS etherification by adding 160 mL of MSTFA at 37 C for 30 min. GC-TOFMS was performed with 7890A gas chromatograph (Agilent, Atlanta, GA, USA) coupled to a Pegasus HT TOF mass spectrometer (Leco, St. Joseph, MI, USA). The converted sample (1 mL) was separated in a 30 m Â 0:25 mm I.D. fused-silica capillary column coated with 0.25 mm of low-bleed CP-SIL 8 CB (Varian, Palo Alto, CA, USA). The split ratio was set at 1:25 with an injector temperature of 230 C and a helium gas flow rate through the column of 1.0 mL/min. The temperature program was a starting temperature 80 C maintained for 2 min, then increased to 320 C at 15 C/min, and finally held for 10 min at 320 C. The respective transfer line and ion-source temperatures were 250 C and 200 C. The scanned mass range was 85-600 m=z, and the detector voltage was set at 1,700 V.
Statistical analysis. All analyses were performed at least in triplicate. The experimental data was subjected to an analysis of variance (ANOVA), and significant differences among the means were determined by Duncan's multiple-range test (SAS 9.2, SAS Institute, Cary, NC, USA). The quantification levels of lipophilic compounds were subjected to PCA (SIMCA-P version 12.0; Umetrics, Umeå, Sweden) to evaluate the degree of similarity among groups of multivariate data. Hydrophilic metabolites were relatively quantified by using selected ions (Supplemental Fig. S1 and Table S1 ; see Biosci. Biotechnol. Biochem. Web site). The corresponding retention times and their fragment patterns agreed with our previous data.
22 ) The quantitative calculations of all analytes were based on the peak area ratios relative to those of the IS. The relative quantification data acquired from GC-TOFMS was subjected to PCA, the data being scaled to unit variance before all variables were subjected to PCA. The PCA output consisted of score plots to visualize the contrast between different samples, and loading plots to explain the cluster separation. A Pearson correlation analysis was performed with the SAS 9.2 software package (SAS Institute, Cary, NC, USA) on the relative levels of 55 metabolites with standardization pre-processing. HCA and heatmap visualization of the correlation coefficient were performed with Multi Experiment Viewer-v, 4.4.0 software (http://www.tm4.org/mev/). The dendrogram is based on the average linkage clustering of correlation.
Results and Discussion
Quantification of the carotenoids, tocopherols, and phytosterols in L. chinense fruits Carotenoids and tocopherols are lipophilic antioxidants with important functions in plants and humans. Phytosterols are bioactive lipophilic compounds that are capable of reducing serum cholesterol. The carotenoids from L. chinense fruits were identified in this study by HPLC, and the tocopherols and phytosterols were identified by a GC-TOFMS analysis (Fig. 1) . Thirteen types of lipophilic compounds, including 5 carotenoids, 3 tocopherols, and 5 phytosterols, were detected in all the cultivars. The quantitative results for the carotenoids, tocopherols, and phytosterols are shown in Tables 1, 2 , and 3. The compositional levels of the lipophilic compounds in L. chinense fruits from various cultivars have not been evaluated in previous studies. Zeaxanthin was predominant in all the cultivars examined, followed by lutein, -cryptoxanthin, -carotene, and neoxanthin. The total content of the five carotenoids varied, ranging from 523.7 to 1114.6 mg/g. Tocopherols were detected in three forms as , and , withtocopherol being the major form in L. chinense fruits. Among the five pytosterols analyzed, -sitosterol constituted the largest portion. The total level of lipophilic compounds was highest in the LM-3 cultivar (1864.08 mg/g). The cytoprotective effects on liver cells of the fruit extract of L. chinense against oxidative stress have been reported both in vivo and in vitro. 23, 24) The hepato-protective properties of carotenoids and tocopherols have also been demonstrated in recent studies. 25, 26) These effects were achieved when carotenoids and -tocopherols were respectively treated every single day with 10 mg for 6 weeks and 200 mg for 4 weeks per 1 kg body mass of rats. The LM-3 cultivar therefore had more potential as an antioxidant, at least in hepatocytes, than the other cultivars.
Differences between thirteen lipophilic compounds among the cultivars
A food component analysis traditionally involves classifying food constituents into very broad categories such as proteins, fats, carbohydrates, fiber, vitamins, trace elements, solids, and/or ash. However, the advent of metabolomics has allowed metabolite profiling combined with chemometrics to direct breeding strategies for improving and optimizing the specific balance of the components in fresh food. 19) PCA has been most commonly used as a clustering technique to identify how one sample differ from another, which variables contribute most to this difference, and whether these variables are correlated. The data obtained in our study for the 13 lipophilic compounds detected were subjected to PCA to outline the differences between the lipophilic compound profiles among the cultivars (Fig. 2) . The PCA results were determined by plotting the principal component scores. The two highest-ranking principal components accounted for 70.2% of the total variance within the data set. The first component, accounting for 53.5% of the total variation, resolved the measured composition profiles of the LM-3 cultivar and other cultivars. To identify the compounds that contributed most to the separation, the factor loadings in components 1 and 2 were compared. The corresponding loading in component 1 was positive for all measured compounds except -amyrin.
Differences between forty-two hydrophilic compounds among the cultivars
The primary core metabolites provide good metabolite discrimination between genotypes. 27) Metabolites are a starting material, an intermediate product, or an end product of metabolism. Carotenoids, tocopherols, and phytosterols are end products of metabolism for isoprenoid biosynthesis. Hydrophilic metabolic profiling of L. chinense fruits was therefore carried out by using GC-TOFMS to determine the phenotypic variation and analyze the relationship between the lipophilic metabolites and primary core metabolites. ChromaTOF software was used to assist with the peak location, peaks being identified by comparing with reference com- pounds and the use of an in-house library. 22) The corresponding retention times and their fragment patterns are illustrated in Supplemental Fig. S1 and Table S1 . Total of 42 metabolites, comprising sugars, organic acids, alcohols, amines, and amino acids were detected in L. chinense fruits. The quantification data of for these 42 metabolites normalized against the IS signal intensity were subjected to PCA to identify differences in the metabolite profiles between cultivars (Fig. 3) . The first and second components respectively explained approximately 50.5% and 13.7% of the variation, and the LM-3 cultivar was separated by combining these two components, this being similar to the result obtained by PCA for the lipophilic metabolite profiles. The variation in component 1 was mainly attributed to amino acids. The corresponding loading was negative for all amino acids except proline and pyroglutamic acid. Cellular carbon (C) and nitrogen (N) metabolism in plants is well known to be tightly coordinated to sustain optimal growth and development.
28) The C compounds produced by photosynthesis include various carbohydrates which provide both energy and the C-skeleton. N nutrients including organic compounds (i.e., all amino acids) are synthesized by incorporating ammonium into the C-skeleton, and the resulting proteins, in particular enzymes, are essential for metabolic reactions including C and N metabolism. Our previous study has demonstrated a negative correlation between the levels of amino acids and such C-ring metabolites as sugar in response to salt stress in Arabidopsis thaliana.
29)
Correlations between the levels of fifty-five metabolites in L. chinense fruits A correlation analysis is one of the statistical methods to establish a relationship between metabolite signals belonging to a biological system. 30) A Pearson correlation analysis and hierarchical clustering analysis of the accessions were performed to determine the detailed relationship between the levels of the 55 metabolites in L. chinense fruits. These analytical results showed strong correlations between the metabolites that participated in closely related pathways and demonstrated the robustness of the present experimental system (Fig. 4) . For example, the leucine contents were positively correlated with isoleucine (r ¼ 0:8641, p < 0:0001) and valine (r ¼ 0:9586, p < 0:0001). This revealed the presence of three major metabolite clusters (groups). Two groups involving carotenoids included such precursors of the isoprenoid biosynthetic pathway as pyruvic acid and sugar, as well as tocopherol and phytosterol. The zeaxanthin concentration was positively correlated with lutein (r ¼ 0:9599, p < 0:0001). Likewise, a significant positive relationship was apparent between zeaxanthin and -tocopherol (r ¼ 0:6778, p < 0:0001). The other group contained mostly amino acids and metabolites that participated in the tricarboxylic acid cycle. Metabolic profiling could therefore be applied as a method for tracking metabolic links, as well as for discriminating between plants at the genotype level.
Conclusions
We identified in this study 55 primary metabolites in L. chinense fruit, including both hydrophilic metabolites and lipophilic compounds such as carotenoids, tocopherols, and phytosterols. The metabolite profiles obtained from 11 cultivars were applied to data mining processes, including PCA and HCA. PCA showed that the LM-3 cultivar was distinct from the other cultivars; corresponding loadings were positive for lipophilic compounds and negative for amino acids. The HCA results indicated strong correlation between the metabolites that participated in closely related pathways. The quantitative results revealed that the LM-3 (Cheongdang) cultivar contained relatively high levels of carotenoids, tocopherols, and phytosterols. The results of this study suggest that metabolic profiling combined with chemometrics can be used as powerful tool for assessing food quality. This study provides valuable information about future conventional breeding programs for L. chinense containing carotenoids, tocopherols, and phytosterols. The Cheongdang cultivar could be of high dietary value. Each square indicates the Pearson correlation coefficient of a pair of compounds, and the value for the correlation coefficient is represented by the intensity of the blue or red color, as indicated on the color scale. Hierarchical clusters are represented by a cluster tree.
